surgeon. There have been no adverse effects during 125 insertions in humans, and we suspect that the blunt-tipped profile of the NIR probe is safer than standard sharp microelectrodes. Data from our already published series of 27 neurosurgical procedures have closely validated the NIR data with postoperative imaging. 4 Despite this work, however, precise assessment of the resolution of the NIR probe and an exact interpretation of NIR data remain difficult because postoperative MR images cannot fully substitute for histological measurements. We therefore obtained measurements from phantom models and conducted computer simulations to estimate the spatial resolution of the probe. We then tested the NIR probe and procedure in a rodent model, seeking to identify small white matter layers such as the corpus callosum and anterior commissure.
Materials and Methods

Phantom Measurements
A phantom was constructed to emulate a layer of white matter overlying a layer of gray matter. Each layer was 1.5 cm thick and consisted of a mixture of Intralipid and gelatin in proportions simulating the optical properties of white or gray matter. [10] [11] [12] Near-infrared measurements were obtained every 0.2 mm as the thin probe (see later) was passed from the top layer into the bottom layer.
Computer Simulation
Monte Carlo techniques are standard tools used to simulate numerically the passage of light through tissue. 11, 21 We used a computer software package (MCM2 1.2.2 and CONV 1.1 available at http://oilab.tamu.edu) 24, 25 to simulate NIR measurements from a probe passing through a layer of white matter overlying a layer of gray matter.
Animal Model
Fifteen male Sprague-Dawley albino rats (weighing 150-300 g) were used in this study. The experiments were performed in accordance with the guidelines for the ethical use of animals established by the Society for Neuroscience, and the University of Texas Southwestern Medical School's Institutional Animal Care and Use Committee approved the experiments. The animals were anesthetized with Nembutal (80 mg/kg administered intraperitoneally) and mounted in a Kopf stereotactic apparatus with the tooth bar set 3.3 mm below the ear bars according to the rat atlas of Paxinos and Watson. 19 Pressure points around the ears and snout were locally anesthetized with subcutaneous injections of lidocaine (2%). After making a midline incision in the scalp, a hole was drilled in the skull above the region of interest. Anesthesia was maintained by supplemental injections as necessary.
Near-Infrared Measurements
Near-Infrared Probes. Three different NIR probes were used. The thin probe was 0.4 mm in diameter and contained two fiberoptic fibers, which were each 100 m in diameter and separated at the probe tip by 100 m. A thick probe of 1.3 mm in diameter was also used, containing two identical fibers of 400 m in diameter and separated by 400 m. Finally, we also had a double-use probe with a diameter of 1.35 mm and containing an 850-m-diameter hollow channel (designed for passage of a microelectrode) as well as two fibers with a diameter of 120 m separated by 130 m.
Near-Infrared Equipment and Software. The setup for the animal experiments consisted of a fiberoptic probe, a tungsten-halogen broadband light source (LS-1; Ocean Optics, Inc., Dunedin, FL), and a spectrometer (USB2000; Ocean Optics, Inc.) with wavelength grating from 350 to 1000 nm. 4, 10, 12, 15 One fiber was connected to the light source and the other, to the spectrometer. The reflected signal passed through the optical fiber by the spectrometer and into the laptop computer (Fig. 1) . The data acquisition and processing software was written in LABVIEW (National Instruments, Austin, TX) and was modified from its original form (Ocean Optics, Inc.).
Each measurement yields a graph of reflectance compared with wavelength (Fig. 2) . The slope of the trailing segment of this curve is called the "slope index," used to characterize the shape of the curve. We have shown that large slopes correspond to white matter and small ones, to gray matter. 4, 10, 12, 15 Data from a single track can be presented as a graph of the slope index plotted against the depth from the cortical surface, with peaks in this graph therefore indicating layers of white matter.
Near-Infrared Protocol. The NIR measurements were taken at 100-to 300-m intervals from the dorsal surface of the cerebral cortex, down to a depth of 5 to 8 mm. When obtaining measurements at depths at which we expected to find white matter, the probe was advanced at 100-m intervals; while in the caudate putamen gray matter region, the probe was often advanced at 300-m intervals. The NIR probe was inserted into the rat brain by using the same hydraulic microdrive used for the microelectrode recordings. Measurements were taken 30 seconds after the probe had been advanced to a new position.
A total of 19 NIR tracks were followed. In most animals a single track was pursued. In some animals two tracks were followed, one on each side of the brain. Eight tracks were pursued with the thin probe, seven tracks with the double-use probe, and four tracks with the thick probe.
Stability of Measurements. In some of the studies, NIR measurements were repeatedly taken with the probe in a fixed position to assess temporal stability. Thirteen sites were chosen for eight tracks, with measurements obtained every 60 seconds. A single comparison was made at five sites, two comparisons at six sites, and three comparisons at two sites, for a total of 23 comparisons.
Microelectrode Recording
Single-Unit Recording. Tungsten microelectrodes (Frederick Ha- er, Inc., Bowdoinham, ME) were advanced into the brain by using a hydraulic microdrive (Trent-Wells) in six tracks. The microelectrodes had an impedance of 1.2 to 1.5 M⍀, which was measured with an impedance meter (microelectrode tester BL-100; Winston Electronics, Inc., San Francisco, CA). Electrode potentials were amplified using a neural activity monitoring device (Leadpoint v3.02; Medtronics, Minneapolis, MN).
Microlesions in the Brain. At certain depths within the brain, microlesions were made at the end of some single-unit recording experiments. A 7-A direct current was passed for 1 to 1.5 minutes. Histological examination of the microlesion sites indicated a lesion size of approximately 100 to 200 m in diameter.
Histological Evaluation
One day after the NIR measurements had been obtained, animals were deeply anesthetized (Nembutal 120 mg/kg administered intraperitoneally) and perfused intracardially with 100 ml of saline, followed by 10% neutral buffered formalin. The dorsal skull was removed and the head was placed in the stereotactic apparatus. A scalpel blade was mounted on the stereotactic apparatus and used to block the brain in the same plane as the NIR tracks followed. This plane corresponded to that used in the rat stereotactic atlas of Paxinos and Watson. 19 The rat brain was removed from the skull and placed in formalin for 24 to 48 hours. Prior to cutting 40-m-thick coronal sections on a microtome, the brains were placed in 20% sucrose and 10% formalin for 24 hours for cryoprotection. Sections through the NIR track were mounted onto gelatin-coated slides and stained with cresyl violet, a Nissl stain.
Correlations between NIR data and histological data were analyzed in two ways. In tissues that contained a microlesion (five tracks) at a known depth below the cortical surface, the distance from the cortical surface to the microlesion was measured in the histological section and defined as the depth of the microlesion. All other measurements in this tissue section were extrapolated relative to the position of the microlesion. In these experiments, the mean tissue shrinkage was 23 Ϯ 7% (SD). In four other tracks in which no microlesion was made, the point at which the NIR probe was at its greatest depth was defined as the maximum depth of tissue damage on histological analysis. Using this method, we found that the mean tissue shrinkage was similar to that defined for microlesions. In addition, the location of the microlesions and NIR tissue damage always corresponded to the anatomical location of structures observed for the specific plane of section and the rat stereotactic atlas.
Results
Phantom Measurements
As expected from prior experience, 4,10,12 NIR measurements distinguished the two layers, with reflectance values of white matter greater than those of gray matter. The transition between the layers was gradual, extending from 1 to 1.5 mm (Fig. 3 ). This smooth transition indicated that the NIR probe samples tissue approximately 1 to 1.5 mm ahead of its tip; that is, the length of the volume of interrogation ahead of the probe tip is approximately 1 to 1.5 mm. We call this distance the "lookthrough distance."
Computer Simulations
The Monte Carlo simulation confirmed both the ability of the NIR probe to distinguish layers of white matter from those of gray matter and the approximate value of 1 to 1.5 for the lookthrough distance (Fig. 3) .
Animal Model
Corpus Callosum. All 19 tracks through the corpus callosum showed a distinct NIR peak occurring at approximately 3 mm below the cortical surface. Histological sections permitted reliable estimates of track position in six of these studies. Two tracks had been followed using the thick probe, and four with the thin probe. For the cases measured with the thick probe, the thickness of the corpus callosum was recorded as the length of the corpus callosum making contact with the 400-m segment between the emitting and detecting fibers of the probe. Examples are shown in Figs. 4 through 6. Figure 5 illustrates that the NIR measurements can detect differences between thick and thin white matter layers. Broader NIR peaks were seen when the probe traversed the thicker anterior corpus callosum than those demonstrated when it traversed a thinner segment located more caudally.
Anterior Commissure. Validation of the near-infrared probe's resolution
Graph of NIR measurements obtained from a phantom model made of Intralipid and gelatin so that the optical properties of its top layer mimic those of white matter and the optical properties of its bottom layer mimic those of gray matter. The actual transition between the two layers is indicated by the vertical line at 15 mm. Note that NIR values begin to decrease before the probe tip makes contact with the white-to-gray transition, indicating a lookthrough distance of 1 to 1.5 mm. Right: Graph demonstrating output from Monte Carlo calculations simulating the NIR signal as the probe passes from white to gray matter. The transition between gray and white matter is marked with a vertical line. Note that the decrease in signal occurring before the probe reaches this transition indicates a lookthrough distance of approximately 1 mm.
thin probe transected the anterior commissure (Figs. 5 and 6) . The depth at the beginning of the NIR peak was 7.5 Ϯ 0.2 mm, whereas that at the end was 8.1 Ϯ 0.3 mm. The width of the peak was 0.6 Ϯ 0.3 mm (mean Ϯ SD). These estimates of depths match the depth of 7 to 8 mm measured from our histological specimens (taking shrinkage into consideration) as well as the depths derived from the rat brain atlas.
Analysis of the histological sections containing the probe track permitted measurement of the ventral and dorsal boundaries of the anterior commissure in two cases (Table 1).
Data Analysis: The Lookthrough Distance. To interpret the NIR data, we considered the expected NIR signal as the probe approaches a layer of white matter, as shown in Fig.  7 . The NIR signal begins to increase when the volume of interrogation first makes contact with the layer (Fig. 7A) . The maximum signal will be attained when the probe tip makes contact with the layer (Fig. 7C) , because the overlap of the interrogation volume and the layer itself is maximal and because the NIR signals are strongest from the portion of this volume closest to the tip. Finally, the NIR signal drops to baseline when the tip exits the layer (Fig. 7D) . These considerations show that the distance between the first increase of the NIR signal and its peak (the initial segment) represents the lookthrough distance, that the position of the NIR peak denotes the superficial boundary of the layer, and that the distance of the peak to the baseline (the trailing segment) is the thickness of the layer.
These considerations guided the analysis of the six cases in which the probe traversed the corpus callosum in which histological data were available ( Table 1 ). The histological distance from the cortical surface to the dorsal boundary of the corpus callosum was subtracted from the position of the NIR peak, yielding a difference of 0.5 Ϯ 0.9 mm (SD). The difference between the histologically demonstrated thickness of the corpus callosum and the NIR estimates (peak to baseline) was 0.2 Ϯ 0.2 mm. The lookthrough distance was 2.4 Ϯ 0.6 mm.
Inspection of the NIR curves showed that an initial baseline was often absent when the probe was situated in the cerebral cortex above the corpus callosum. Instead, the segment before the NIR peak consisted of two shorter segments of increasing NIR values, with the second segment having a greater slope than the first segment (Figs. 5-7) . Speculating that the increasing values of the first NIR segment were due to either the effect of ambient room light on NIR measurements obtained from the superficial cortical † Thickness was measured on histological sections and represents the length of tissue in contact with the portion of the probe between the two optical fibers.
‡ Modified lookthrough distance was calculated using the second portion of the initial segment only.
FIG. 4. A:
Histological section illustrating the probe path (arrows) pursued to obtain NIR measurements at the level of the rostral striatum. Notice that the 1.3-mm-diameter probe traverses the cortex (CTx), enters the corpus callosum (cc), extends down into the caudate putamen (CPu), and ends above the anterior commissure (ac). The scale, in millimeters, is marked on the right side of the photomicrograph. Cresyl violet, original magnification ϫ1. B: Graph of NIR data indicating a peak at 2.5 mm below the cortical surface, which agrees with the location of the corpus callosum. The width of the peak was 1 mm, whereas the width measured in the histological analysis was 0.5 mm. After the probe descended below the level of the corpus callosum, the measures were relatively similar while in the caudate putamen. An increase in the NIR signal occurred from 6 to 6.4 mm, which may correspond to the lookthrough distance of the anterior commissure. At the 6.4 mm position of the NIR probe, four measurements were obtained at the same location. The four NIR readings were quite stable over time.
layers or the heterogeneity among the six cortical layers, we calculated the lookthrough distance based only on the second segment to obtain 1.1 Ϯ 0.3 mm.
Analysis of the two cases in which the probe traversed the anterior commissure and for which histological data was available was conducted similarly. The difference between the histologically demonstrated and NIR estimates of the position of the dorsal boundary of the anterior commissure was 0.1 Ϯ 0.4 mm, the difference between the estimates of thickness was 0.1 Ϯ 0.1 mm, and the estimate of the lookthrough distance was 0.5 Ϯ 0.1 mm.
Temporal Stability. The 23 comparisons of repeated NIR measurements obtained with the probe in a fixed position showed little change in the NIR slope, with a mean difference of 3.3 Ϯ 3%.
Unit Recording. Single-unit activity was recorded in seven animals. The purpose of the recording was to determine the accuracy of unit recording for identifying gray and white matter boundaries. Figure 8 illustrates results of a unit recording experiment and recordings at three locations. 1) At a depth of 1559 m below the cortical surface, single units that corresponded to the location of the cerebral cortex were detected. 2) At a depth of 2700 m, no unit activity was detected and this depth corresponded to the location of the corpus callosum. 3) At a depth of 3500 m, unit activity was again encountered and corresponded to the location of the caudate putamen. From a depth of 2700 to 3500 m there was no unit activity, an indication that the width of the corpus callosum was 800 m thick. At this level of the brain, however, the width of the corpus callosum is less than 500 m thick as determined from histological examination of the tissue after the experiment. Because not all units are spontaneously active in the striatum, it is likely that after the electrode traversed the corpus callosum no unit activity was detected for more than 300 m within the striatum.
Discussion
We have developed an intracranial probe that exploits the differing optical properties of cerebral tissue to distinguish gray matter from white matter for use during stereotactic procedures in humans. Data from prior studies in which we used phantom models and computer simulation have provided validation, 4, 10, 12, 15 and data from another of our pub- Notice that the peak of the recording occurs at 3.1 mm and that the width of the peak is narrower than that in A ( Ͻ 1 mm). Once the probe was situated below the corpus callosum and in the caudate putamen, the recordings were lower. The second NIR peak at 7.8 mm corresponds to the location of the white matter in the anterior commissure.
aging data collected during 27 surgical procedures in humans. 4 Given that we are currently using the probe to establish boundaries of the subthalamic nucleus in humans, the exact limits of the probe's resolution continue to be of great interest. Thus we have turned to a rodent model, seeking histological validation of thin layers of white matter.
Measurements with the NIR probe agree closely with those based on histological sections. The anterior commissure was detected in five instances, demonstrating the capability of the NIR probe to detect and measure accurately the position of white matter layers as thin as 0.2 mm. The boundaries of the corpus callosum were demonstrated in all cases, and the NIR measurements of their depths closely FIG. 6 . The NIR probe can also detect very small white matter tracks, such as the white matter in the lateral portion of the anterior commissure. A: A histological section illustrating a 0.4-mm-diameter probe track traversing both the corpus callosum and the anterior commissure. Arrows indicate the NIR probe track. The arrowhead indicates the location of a microlesion made with a microelectrode run down a different track, at a depth of 6 mm below the cortical surface. Cresyl violet, original magnification ϫ1. B: An NIR recording demonstrating a peak at a depth of 3.2 mm below the cortical surface and a second peak at 7.4 mm below the cortical surface. The latter peak corresponds to the location of the anterior commissure. The thickness of the anterior commissure in the histological section was 0.2 mm .   FIG. 7 . Schematic of the NIR probe as a straight line and the volume of tissue interrogated by the probe depicted as an oval, shaded area of length L mm extending from the tip. The four graphs indicate the NIR signal as the probe is advanced through a layer of white matter of thickness W mm. The NIR signal stays at baseline until the volume of interrogation makes contact with the layer of white matter, that is, until the probe tip is the distance L mm from the surface of the layer (A). The signal increases as the volume of interrogation passes through the layer (B). The maximum NIR value is achieved when the probe tip first makes contact with the surface of the layer (C). The NIR signal drops to baseline when the probe tip makes contact with the deep surface of the layer, that is, when the volume of interrogation no longer intersects the layer (D). In panel D, note that the location of the NIR peak indicates the location of the superficial boundary of the layer, that the length of the leading segment before this peak is the lookthrough distance L, and that the length of the trailing segment is the layer width W.
FIG. 8.
Recording of single-unit activity in the anesthetized rat at gray and white matter regions. A unit recording for each of three locations is illustrated: two in gray matter regions (cortex at 1559 m, striatum at 3500 m) and one presumably in white matter corresponding to the location of the corpus callosum (at 2700 m). Histological examination of this brain section for the location of a microlesion made 3.8 mm below the cortical surface revealed the lesion below the level of the corpus callosum and within the striatum.
agreed with measurements based on the histological sections.
The position of the dorsal boundary of the corpus callosum and the anterior commissure, estimated by the NIR probe, agreed closely with histologically based measurements. Analysis of individual data showed that the difference between these estimates was largest (2.2 mm) for the case in which the thicker double-use probe was used, and that this value was far larger than the remaining five values (0, 0.2, 0.2, 0.4, and Ϫ0.1 mm). We speculate that the outlying value was due to tissue distortion caused by this thick probe. Without this outlier, the agreement between the histological and NIR estimates is stronger, with a difference of 0.1 Ϯ 0.2 mm. Based on this experience, we have modified our probes for use in humans to include a tapered end.
The agreement between histological and NIR estimates of the thickness of the corpus callosum and anterior commissure was also close, confirming the scenario outlined in the Results section and confirming the ability of the NIR probe to localize thin layers of white matter.
The NIR probe interrogates a small volume of tissue at its tip, so that changes in optical properties will be detected a short distance ahead of the probe itself. This lookthrough distance depends, in a complex fashion, on the separation between the light-emitting and light-detecting fibers and on the optical properties of the interrogated tissue. Data from the phantom studies and Monte Carlo simulation indicate that this distance is surprisingly large, between 1 and 1.5 mm for our thin probe in which the fibers are separated by 100 m. The animal model data confirm that the lookthrough distance is large in comparison with the fiber separation, although the values obtained using the entire initial NIR segment are higher than predicted. Estimates of the lookthrough distance by using only the second portion of this segment were more consistent with the phantom and computer simulation data, and we speculate that the first segment was contaminated with ambient room light.
These arguments indicate that the NIR curve obtained from a white matter layer should be broadened by an amount equal to the lookthrough distance. Although this seems to be the case for the corpus callosum, the NIR peaks obtained from the anterior commissure were only minimally broadened. This discrepancy can be explained by noting that the broadening of the anterior commissure peak is in fact present, but blends into the underlying noise since the peak itself is quite small. Figure 9 shows an example of this phenomenon. A probe with a lookthrough distance of 1.5 mm was modeled with a digital filter (see Appendix) and applied to test data consisting of a large and small peak with underlying noise. Broadening of the large peak is clearly evident, whereas broadening of the small peak cannot be distinguished from the background signal.
One might ask whether microelectrode recording can be used to distinguish gray matter from white matter, especially because such recording is considered a gold standard for intraoperative localization. 1, 5, 9, 23 Surprisingly, our data demonstrated that microelectrode recordings can fail to identify gray and white matter boundaries accurately (Fig. 8) . One reason is that because not all neurons exhibit spontaneous activity, it is possible for a microelectrode to be in a gray matter region without detecting cellular activity. 13, 18 Although we have validated the ability of the NIR probe to detect thin layers of white matter, its usefulness in stereotactic procedures in humans will depend on whether this capability can be used unequivocally to identify structures of interest. Whether this can be achieved in practice is not immediately obvious and will be the subject of future studies.
Summary of NIR Interpretation
The NIR curve representing a layer of white matter can be divided into an initial segment between the gray matter baseline and the peak (that is, maximum value) of the NIR curve, and a final segment between the peak and the baseline signal from deeper gray matter. Our findings show that the location of the NIR peak indicates the dorsal boundary of the white matter layer, that the length of the final segment indicates the thickness of the layer, and that the length of the initial segment indicates the lookthrough distance. Small and narrow NIR curves corresponding to thin layers will not be noticeably broadened because their initial segments are attenuated and merge into the underlying background noise.
J. Neurosurg. / Volume 98 / June, 2003
Validation of the near-infrared probe's resolution
Left: Graph of test data consisting of a large peak followed by a small peak, both superimposed on underlying noise. The data are meant to model the true NIR values. Right: A recording of NIR measurements obtained from the data on the left by using a digital filter to model the NIR probe. The location of the NIR peaks denote the location of the original transitions, and the NIR trailing segments correspond to the width of the curves on the left. Broadening of the large peak (indicated by double arrows) can be seen, but that of the small peak is hidden by noise.
Conclusions
Using phantom models, computer simulation, and a rodent model, we found that the NIR probe can reliably detect layers of white matter of submillimeter thickness. Its resolution should be adequate to detect the slightly larger structures of interest during stereotactic surgery in humans.
Appendix
The behavior of the NIR probe can be analyzed with digital signal techniques. 17 Assume that measurements are obtained every 0.5 mm, and let r i denote the true reflectance of the tissue at the ith measurement. Furthermore, assume that the interrogation volume extends n measurements (that is, 0.5n mm) ahead of the probe tip. Then the actual NIR measurement is a weighted sum of reflectance values of tissue within the interrogation volume; that is, a i r i (1) where a i s are constants characterizing the probe. Now let R i denote the reflectance values of the tissue arranged in reverse order; that is, R 1 is the reflectance at the deepest measurement, R 2 is the reflectance from tissue 0.5 mm more superficial to this site, and so forth. As is standard in digital signal analysis, we then express true reflectance along the probe path with a z-transform, that is, by a polynomial in a dummy variable z:
The actual NIR measurement from (1) is then given by the product of the two polynomials a i z Ϫi ).
In digital terms, a i z
Ϫi is the unit impulse response characterizing the probe. This polynomial allows for the calculation of the response of the probe to any data R i .
The NIR data gathered from our phantom measurements can be viewed as the probe response to a step function (Fig. 3) . Given that the unit impulse response can be obtained by multiplying the step response by (1 Ϫ z Ϫ1 ), we can calculate the unit impulse response. 17 Using the data in Fig. 3 , we obtain n = 3, a 1 = 0.6, a 2 = 0.3, and a 3 = 0.09. Intuitively, this means that the actual NIR measurement is obtained by multiplying the reflectance of the tissue closest to the probe tip by 0.6, and adding this to the sum of the reflectance at 0.5 and 1 mm from the tip multiplied by 0.3 and 0.09, respectively. Graphs in Fig. 9 were constructed from test data where n = 4 and a i s = 0.6, 0.4, 0.3, and 0.09.
